Representative atomic and molecular systems, including various inorganic and organic molecules with covalent and ionic bonds, have been studied by using density functional theory. The calculations were done with the commonly used exchange-correlation functional B3LYP followed by a comprehensive analysis of the calculated highest-occupied and lowest-unoccupied Kohn-Sham orbital (HOMO and LUMO) energies. The basis set dependence of the DFT results shows that the economical 6-31+G* basis set is generally sufficient for calculating the HOMO and LUMO energies (if the calculated LUMO energies are negative) for use in correlating with molecular properties. The directly calculated ionization potential (IP), electron affinity (EA), electronegativity ( ), hardness (η), and first electron excitation energy (τ) are all in good agreement with the available experimental data. A generally applicable linear correlation relationship exists between the calculated HOMO energies and the experimental/calculated IPs. We have also found satisfactory linear correlation relationships between the calculated LUMO energies and experimental/calculated EAs (for the bound anionic states), between the calculated average HOMO/LUMO energies and values, between the calculated HOMO-LUMO energy gaps and η values, and between the calculated HOMO-LUMO energy gaps and experimental/ calculated first excitation energies. By using these linear correlation relationships, the calculated HOMO and LUMO energies can be employed to semiquantitatively estimate ionization potential, electron affinity, electronegativity, hardness, and first excitation energy.
Introduction
Density functional theory (DFT) following the approach of Kohn and Sham 1,2 has proven to be an important tool in modern quantum chemistry because of its ability to include some effects of electron correlation at a greatly reduced computational cost. 3, 4, 5 Within the Kohn-Sham (KS) framework of DFT, the KS orbitals are a mathematical object used to build the electron density of the chemical system. With the constructed density and the Hohenberg and Kohn theorems, 1 one can calculate a range of chemical properties of interest.
Recently, the question of the physical meaning of the KS orbitals for the exact KS functional has drawn considerable attention. Perdew et al. 6 showed for an atom of nuclear charge Z that with IP the ionization potential, EA the electron affinity, N a continuous variable representing the total number of electrons, and µ ) ∂E/∂N the first derivative of the total energy (E) with respect to N, the chemical potential. Earlier, Janak proved that 7 where n i is the occupation number of the KS orbital ψ i and i is the corresponding KS orbital energy. On the basis of eqs 1 and 2, Perdew et al. obtained 6 in which max represents the maximum occupied KS orbital energy. This equation has been interpreted as showing that the highest occupied KS orbital energy of an N-electron system represents the negative of the exact ionization potential within exact KS density functional theory. [8] [9] [10] [11] [12] In subsequent work, Kleinman 13, 14 argued that this was not correct and that the IP should not be exactly equal to the highest occupied molecular orbital eigenvalue. In a response to the Kleinman work, Perdew and Levy 8 showed that eq 3 holds and that this can be derived without Janak's theorem. They also clearly stated that and concluded that "the exact highest-occupied Kohn-Sham eigenvalue is minus the ionization energy of the Z-electron system". However, they no longer stated the relationship between EA and Z . In fact, they stated that for an exact exchange-correlation potential there is a derivative discontinuity at N ) Z. Because of the discontinuity of ∂E/∂N, i.e. µ, eq 1 clearly shows that µ ) -IP when Z -1 < N < Z and µ ) -EA when Z < N < Z + 1. However, right at N ) Z, µ takes the average value, 6 i.e., µ ) -(IP + EA)/2. Analogously, when Z -1 < N < Z, max in eq 3 represents the energy of one KS orbital corresponding to the HOMO of the Z-electron system, whereas when Z < N < Z + 1, max represents the energy of * To whom correspondence should be addressed. † Current address: Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831.
another KS orbital corresponding to the LUMO of the Z-electron system or the HOMO of the (Z + 1)-electron system. Thus, at N ) Z, there is a sudden change in the highest occupied KS orbital. To generalize eq 3 for the case of N ) Z, max in eq 3 must be replaced by the average of the highest-occupied KS orbital energies when Z -1 < N < Z and when Z < N < Z + 1 for the exact KS functional. 8 Perdew and Levy further noted that most exchange-correlation functionals are continuous approximations and cannot give the correct derivative discontinuities for integer N yielding poor orbital energies. As noted by us 15 and others, 16 there are a variety of approaches to address this problem including the use of the self-interaction correction (SIC) or optimized effective potential (OEP).
The focus of the present study is not to address the issue of the proof of the ionization potential theorem within the "exact" KS DFT, as the "exact" functional is still unknown, but to see how well a typical approximation widely used by the chemical community works. Previous work has shown that the orbital energies from practical KS DFT computations are strongly dependent on the approximation used for the exchangecorrelation functional. The current work builds on our previous work where we presented a more detailed theoretical analysis of DFT orbital energies, for example, in terms of the optimized effective potential, self-interaction correction, and the asymptotic behavior of the exchange-correlation potential. Indeed, the previous work has shown that the difference between the HOMO and LUMO orbital energies corresponds more closely to the first excitation energy as compared to the difference in the ionization potential and the electron affinity. For almost all of the commonly used exchange-correlation functionals, the negative of the HOMO energy is not close to the exact IP, in contrast to the results of Hartree-Fock (HF) theory for which Koopmans' theorem is valid. 17 Although the IP given by the negative of the DFT HOMO energy with typical exchange-correlation functionals is usually too small, it has been shown that the KS orbitals can be related to experimental IPs by a constant shift. 18 Politzer et al. showed that the experimental IPs for 9 monosubstituted benzene derivatives linearly correlate with both the HF HOMO energies and the DFT HOMO energies. 19 In addition, by comparing the KS orbital energies ( i KS ) with the HF orbital energies ( i HF ), Stowasser and Hoffman found a linear relationship for | i KSi HF | vs i HF . 20 To improve the agreement of the HOMO energy with the first IP, new functionals and approximations for the KS potential have been tested which account for the effects of selfinteraction, [21] [22] [23] which is ignored in all of the commonly used functionals. It has been demonstrated that, with the selfinteraction correction included, the negative of the calculated HOMO energies are much closer to the corresponding first IPs and the calculated HOMO-LUMO gaps are also closer to the first electronic excitation energies. These investigations also demonstrated an excellent linear correlation between the occupied orbital energies determined by including the selfinteraction correction and those determined by the commonly used functionals in which the self-interaction correction is ignored. In addition, Chong et al. 24 have performed DFT calculations by using an approximate exchange-correlation functional obtained with the "statistical average of (model) orbitals potential (SAOP)" and found that the calculated negative of the occupied KS orbitals are also close to the corresponding experimental IPs.
We are particularly interested in exploiting time-dependent DFT (TD-DFT) 25 to predict the UV-visible spectra of a wide range of molecules from new photolithographic polymers for the production of semiconductors 26 to biomolecules for neurotoxins. 27 Such TD-DFT calculations have a strong dependence on the orbital energies. We are also interested in developing computational approaches for predicting the likelihood of polymerization reactions based on the Q-e scheme 28,29 and such models also require good orbital energies. The results obtained from previous investigations led us to examine whether the KS orbital energies determined by a commonly used exchangecorrelation functional can be used to develop generally applicable empirical correlation relationships between the KS orbital energies and related properties. For example, if we could assume a linear relationship between the KS orbital energies determined by the "exact" KS potential and those by a commonly used exchange-correlation functional, then the KS HOMO energies calculated by using the commonly used functional could be corrected empirically to reproduce the experimental IPs. Finding such a relationship requires the ability to perform practical DFT calculations on a variety of representative chemical systems.
We focus on the HOMO and LUMO energies in order to determine if correlations with interesting molecular/atomic properties and chemical quantities exist. In simple molecular orbital theory approaches, the HOMO energy ( HOMO ) is related to the IP by Koopmanns' theorem and the LUMO energy ( LUMO ) has been used to estimate the electron affinity (EA). If -HOMO ≈ IP and -LUMO ≈ EA, then the average value of the HOMO and LUMO energies is related to the electronegativity ( ) defined by Mulliken 30 with ) (IP + EA)/2. In addition, the HOMO-LUMO gap is related to the hardness (η) 31 and also as an approximation to the first electron excitation energy (τ). The electronegativity and hardness are of course used extensively to make predictions about chemical behavior. For example, the electronegativity is a key factor affecting the parameters Q and e in the Q-e scheme 28 for the interpretation of the reactivity of a monomer containing a double bond in free-radical copolymerizations. The Q-e scheme has proven to be remarkably useful and continues to be the only general reactivity scheme in use today. 32 With above definition for the electronegativity, the negative of the electronegativity is the chemical potential (µ) 33 defined as the first derivative of the total energy with respect to the number of electrons. We note that the relationship between the electronegativity and the chemical potential is in terms of the exact ionization potential and electron affinity, not in terms of an approximation for the IP and EA based on the orbital energies as usually done. A goal of this paper is to investigate how well the approximation based on orbital energies actually works. The hardness, defined as the second derivative of the total energy, together with the concept of electronegativity and the principle of equalization of electronegativities, [34] [35] [36] has been used to develop the principle of hard and soft acids and bases. [37] [38] [39] [40] [41] For example, hardness has also been applied to explain aromaticity in organic compounds. 42 We have developed linear correlation relationships which can be used to semiquantitatively estimate these fundamental properties/quantities (i.e., IP, EA, , η, and τ) based on the calculated HOMO and LUMO energies. For comparison, in this study, we also evaluated the IP and EA by performing direct total energy calculations on the ionic systems. The appropriate use of the directly calculated IP and EA gives and η. A detailed comparison of the calculated results with the available experimental data shows the reliability of the developed linear correlation relationships.
Calculation Method
Geometries of all of the molecules considered in this study were fully optimized by using gradient corrected DFT with Becke's three-parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP) 43 and with the 6-31+G* basis set. 44 Analytic second derivative calculations, which yield the harmonic vibrational frequencies, were performed at the optimized geometries to ensure that the optimized geometries are minima on the potential energy hypersurface (all real frequencies). To examine the basis set dependence of the DFT HOMO and LUMO energies, we also performed singlepoint energy calculations on the neutral systems using the B3LYP functional with a larger basis set, denoted by aug-ccpVTZ+1, for all elements except Ca. Here, the notation augcc-pVTZ+1, as used previously, refers to the aug-cc-pVTZ correlation-consistent basis set 45 augmented with an additional set of diffuse functions (i.e., diffuse s, p, and d functions for H and diffuse s, p, d, and f functions for other elements) whose orbital exponents were determined by geometric extrapolation from the standard aug-cc-pVTZ basis set. 46 For Ca, the augcc-pVTZ basis set is not available, so we used the standard 6-311+G(2df) basis set 44, 46 augmented with a set of diffuse s, p, d, and f functions. This augmented basis set is denoted by 6-311+G(2df)+1. The aug-cc-pVTZ+1 or 6-311+G(2df)+1 basis set was also used to perform single-point energy calculations on some of the anionic states to examine the basis set dependence of the calculated EAs. All of the B3LYP/aug-ccpVTZ+1 (or B3LYP/6-311+G(2df)+1 for Ca) calculations were performed by using the geometries of neutral systems optimized at the B3LYP/6-31+G* level.
The energies, E(M + ) and E(M -), of the ionic states of each system M were calculated at the B3LYP/6-31+G* level by using the geometry of the neutral system optimized at the B3LYP/6-31+G* level. Hence, the IP )
values determined by these DFT energy calculations are the vertical ionization potential and vertical electron affinity from the bottom of the potential well of the neutral, respectively. In addition, TD-DFT calculations 25 were performed at the B3LYP/6-31+G* level to theoretically determine the first excitation energy, i.e., the lowest excitation energy, accounting for both singlet and triplet excited states. The calculated TD-DFT first excitation energy is given as τ TD in the tables.
The electronegativity and hardness evaluations are all based on the commonly used finite difference approximation, leading to ) (IP + EA)/2 and η ) IP -EA. Thus, with ) (IP + EA)/2 and η ) IP -EA, the calculated and η are linear combinations of the calculated IP and EA, whereas the "experimental" and η are linear combinations of the experimental IP and EA.
All of the calculations were performed by using the Gaussian 98 program 47 on a 16-processor SGI Origin 2000 computer.
Results and Discussion
Basis Set Dependence of the DFT Results. Before exploring any correlation of the DFT HOMO/LUMO energies with molecular properties, we need to understand the basis set dependence of the HOMO/LUMO energies. Previous DFT calculations 15 tested a series of correlation-consistent basis sets, starting from the cc-pVTZ, and aug-cc-pVTZ basis sets and added 1 to 3 additional sets of diffuse functions (each set consists of s, p, and d shells or s, p, d, and f shells), labeled as aug-ccpVTZ+1, aug-cc-pVTZ+2, and aug-cc-pVTZ+3. The calculated HOMO and LUMO energies indicate that the DFT results are generally less sensitive to the basis set as compared to the corresponding Hartree-Fock (HF) calculations starting from a good quality basis set such as aug-cc-pVTZ. In the previous work, 15 orbital energies calculated with the aug-cc-pVTZ+1 basis set were reasonably well-converged in terms of the addition of more diffuse orbitals. Thus, the HOMO and LUMO energies calculated with the aug-cc-pVTZ+1 basis set can be used as a benchmark to examine whether one can use a smaller basis set, such as the 6-31+G* basis set, to obtain HOMO and LUMO energies for developing correlations with molecular properties. We note that in the previous study, 15 quite small molecules were used and there was no issue in terms of the computational resources needed, whereas we are interested in developing correlations for much larger molecular systems where a smaller basis set is needed in order to perform efficient computations.
The calculated results are collected in Tables 1 and 2 together with available experimental data. Note that the calculated vertical IP and EA values listed in the tables were determined from the total energy calculations on the neutral and ionic systems. A least-squares fit for all of the 52 systems between the -HOMO values calculated using the 6-31+G* basis set and the larger basis set (LBS), i.e., the aug-cc-pVTZ+1 (or 6-311+G(2df)+1 for Ca), gave a nearly perfect linear correlation relationship with a correlation coefficient R of 0.9998 and a root-meansquare deviation (RMSD) of 0.049 eV. This correlation is given in Figure 1a . For convenience, throughout the discussion in this paper, all of the calculated results refer to those calculated at the B3LYP/6-31+G* level unless specified otherwise (with LBS in a parentheses).
As seen in Figure 1b , the correlation between the -LUMO values calculated using the 6-31+G* basis set and those calculated using the larger basis set is not good when all of the 52 molecules/atoms are included. The largest difference is associated with the noble gas atom, Ne. This is not surprising as noble gases do not bind electrons. Very diffuse functions would be necessary for describing the resonant anion states of the noble gas systems, so the 6-31+G* basis set is not adequate for noble gas systems. The large difference for Ar is consistent with this result. The second largest difference is associated with H 2 , and here, the difference is due to the fact that the 6-31+G* basis set for H is actually the 6-31G basis set and does not include any polarization or diffuse functions. Clearly, the 6-31G basis set is too small to correctly reproduce the LUMO energy for the hydrogen molecule. Other molecules associated with large differences in the LUMO energies include HF, H 2 O, NH 3 , and CH 4 . Their -LUMO values are calculated to be very negative (or LUMO very positive) at the B3LYP/6-31+G* level, whereas the corresponding B3LYP/aug-cc-pVTZ+1 results have the opposite sign. So, the 6-31+G* basis set is insufficient for calculating the LUMO energies of these molecules. However, as clearly shown in Figure 1b , all of the calculated positive -LUMO values (for 41 molecules) show an excellent linear correlation relationship with R ) 0.991 and RMSD ) 0.089 eV. These results show that a small basis set can be used for calculating the LUMO energy of a molecule at the DFT level if the LUMO energy calculated using that basis set is negative. Among the 52 molecules listed in the tables, 11 molecules are estimated to
have positive LUMO energies when the 6-31+G* basis set is used, whereas only 2 have slightly positive LUMO energies (0.225 eV for Ne and 0.044 eV for H 2 ) when the large basis set is used, suggesting that larger basis sets are needed for these molecules. The HOMO and LUMO energies can be used to estimate the electronegativity ( ), hardness (η), and first electron excitation energy (τ) from the expressions HL ) -( HOMO + LUMO )/2 and η HL ) LUMO -HOMO (see below for detailed discussion) where τ HL ) η HL . From eqs 4 and 5, one can expect satisfactory linear correlation relationships between the HL or η HL values calculated using the smaller and larger basis sets for all of the 41 molecules whose LUMO energies are estimated to be negative at the B3LYP/6-31+G* level with R ) 0.998 and RMSD ) 0.055 eV and (τ), Negative of HOMO Energy (-E HOMO ) 
with R ) 0.999 and RMSD ) 0.095 eV. It is not surprising that the correlations become worse if the 11 molecules with positive LUMO energies are included in the fits as shown in Figure 1 , parts c and d. The excellent linear relationships eqs 4-7 clearly indicate that it does not matter whether the -HOMO , -LUMO , HL , and η HL values calculated by using the 6-31+G* basis set or those calculated by using the larger basis set are used for exploring possible correlations with molecular properties for the molecules whose LUMO energies calculated with the 6-31+G* basis set are negative.
The calculated EAs are expected to be much more sensitive to the basis set than the corresponding IPs. For the neutral molecules considered in this study, the EA is related to the anionic system whose electron charge distribution becomes much more diffuse and requires the use of a larger basis set (usually including at least one set of diffuse functions), whereas the IP is related to a cationic system. We expect that the 6-31+G* basis set is adequate for predicting the IPs of neutral molecules as confirmed by their agreement with the corresponding experimental data (see Table 1 ) but is probably too small to predict EAs for a number of molecules. As shown in Table  1 , the DFT calculations at the B3LYP/6-31+G* level predict that only 12 of the 52 molecules are associated with positive EAs, whereas the other 40 anions are predicted to be unbound. These 12 EA values are all close to the corresponding EAs (Table 2) calculated by using the larger basis set. As shown in Negative of HOMO Energy (-E HOMO ) , Negative of LUMO Energy (-E LUMO ), Negative of Average HOMO/LUMO Energy (-(E Homo + E LUMO )/2 ) HL ), and HOMO-LUMO Energy Gap (E LUMO -E Homo ) η HL ) in EV Calculated at the B3LYP/Aug-cc-pVTZ+1//B3LYP/6-31+G*, or B3LYP/6-311+G(2df)+1//B3LYP/6-31+G* for Ca, Level In addition, we also tested the B3LYP/aug-cc-pVTZ+1 calculations on some of the unbound anions to examine the calculated negative EAs. For the anions examined, the EAs predicted at the B3LYP/aug-ccpVTZ+1 level have the same signs as the corresponding EAs predicted at the B3LYP/6-31+G* level, but the magnitudes of the calculated negative EAs are significantly reduced, and we found no satisfactory linear correlation between the two sets of negative EA values. So, our discussion of the correlation about EAs must be limited to the positive EA values corresponding to bound anionic states. Ionization Potential. We have collected in Table 1 a total of 52 representative molecular/atomic systems for which the experimental IP 48-51 is available, including various inorganic and organic molecules and including compounds with covalent and ionic bonds. A survey of Table 1 reveals that the directly calculated vertical IPs are, on the whole, in good agreement with the corresponding experimental IPs, but the negatives of the HOMO energies, i.e., -HOMO , calculated with both the smaller and larger basis sets are all systematically smaller than Table 3 for comparison with the experimental data. We also found a similar, excellent linear correlation relationship between the directly calculated IPs and -HOMO values with R ) 0.989 and RMSD ) 0.454 eV. These linear correlations are shown in Figure 3 . Electron Affinity. Only 10 of the 52 molecules/atoms under consideration have a postitive electron affinity (EA) value as Relationships eqs 7, 10, 13, 16, and 19 for Ionization Potential (IP), Electron Affinity (EA), Electronegativity ( ), Hardness (η) Hardness. As the electronegativity is the average of the IP and EA, the hardness (η) is also determined by IP and EA, through η ) IP -EA, based on the finite difference approximation. Thus, we also have "experimental" η values for the same 10 systems. It is not surprising that the DFTcalculated η values are also in good agreement with the available "experimental" η values as shown in Table 1 . The calculated HOMO-LUMO energy gaps, i.e., η HL ) LUMO -HOMO , are systematically smaller than the "experimental" and calculated η values. We found an excellent linear relationship between the available "experimental" η values and each Figure 6 . The linear correlation between the calculated η HL and η values, i.e., eq 20, is significantly better than that between the calculated HL and values, i.e., eq 17, for all of the 52 systems, despite the fact that both and η are derived from the same IP and EA values. The better linear correlation between the calculated η HL and η values may be partly due to a cancellation of systematic errors in the calculated IP and EA values and also in the calculated HOMO and LUMO energies for the determination of the η HL values.
Electronic Excitation Energy. The experimental first electron excitation energy (τ) is available for 15 systems as shown in Table 1 . The results obtained from the TD-DFT calculations are, on the whole, in good agreement with the available experimental data. We can also compare the calculated HOMO-LUMO energy gaps, i.e., η HL ) LUMO -HOMO , with the available electron excitation energies. As shown in Table 1 
Conclusion
We have performed a series of DFT calculations by using a commonly used exchange-correlation functional, B3LYP, on a variety of representative molecular/atomic systems, including various inorganic and organic molecules with covalent and ionic bonds. The basis set dependence of the DFT results has been examined, particularly for the HOMO and LUMO energies. We obtained a general, nearly perfect linear correlation between the HOMO energies calculated by using the 6-31+G* basis set and those using a much larger basis set (i.e., aug-cc-pVTZ+1). We demonstrated a very simple rule for determining whether a small basis set is adequate or not for calculating the LUMO energy η expt ) 1.5724η HL (LBS) + 1.282 eV (18) of a molecule. If the LUMO energy calculated by using the selected basis set is negative then that basis set is appropriate for studying qualitative trends. All of the calculated positive -LUMO values (for 41 molecules) show an excellent linear correlation relationship. The directly calculated ionization potential (IP), electron affinity (EA), electronegativity ( ), hardness (η), and first electron excitation energy (τ) are all in good agreement with the available experimental data. It has been shown that an excellent, generally applicable linear correlation relationship exists between the calculated HOMO energies and experimental/ calculated IPs. Satisfactory linear correlation relationships also exist between the calculated LUMO energies and experimental/ calculated EAs (for the bound anionic states), between the calculated average HOMO/LUMO energies and values, between the calculated HOMO-LUMO energy gaps and η values, and between the calculated HOMO-LUMO energy gaps and experimental/calculated first excitation energies. Based on these linear correlation relationships, the calculated HOMO and LUMO energies can be used to semiquantitatively estimate the ionization potential, electron affinity, electronegativity, hardness, and first excitation energy. 
